Abstract
Introduction

23
As part of a process of sustainable development, in the last few years there has been a growing interest in reducing the 24 resources and materials used in building construction, as well as in limiting both the energy consumed during the whole 25 building lifecycle and the related carbon dioxide emissions (CO 2 ) into the atmosphere. Innovative structural systems 26 combine different materials, structural elements, and construction detailing as well as smart construction techniques in a 27 way that fulfills specific performance criteria and contributes to a more sustainable built environment [1, 2, 3] . The With reference to the construction system depicted in Fig. 2 , the modular composite steel-timber components can be 94 quickly joined to a 'steel frame' structural system using only bolts at the ends of beams, and self-tapping fully-threaded 95 screws along the panel perimeter, therefore permitting the building processes to take place even under unfavorable 96 climate conditions. Without loss of generality, we have considered dimensions of a frame for a common residential 97 building erected in Italy. Nevertheless, modular floor elements could be also included within other construction types, 98 e.g. timber frame or massive wall panel systems. 
101
The collaboration between the CLT panel and the steel beams is provided by a special arrangement of connectors,
102
which are installed at a variable spacing from the centre to the ends of the steel beams. The cold-formed steel beams 
111
resin to fill the cavities between the timber and steel elements. The U-shaped cross-section steel beams are fabricated by 112 including steel perforated plates with a specific design pattern. Table 1 and Table 2 summarize the mechanical characteristics, the geometry and the construction details of the 114 industrialized modular components for a 6 meter span residential floor, designed for 2 kN/m 2 and 3.5 kN/m 2 live and 115 permanent loads [22] , respectively. Table 2 also includes the number of connectors and the volume of materials 116 required. The amount of wood, steel and other materials used is also expressed as a ratio of kilograms or cubic meters
117
per unit area of floor, as there is a strong correlation between these ratios and the manufacturing costs. We remark here 118 that this paper provides two different methods of assembly, which vary not only in the equipment required but also in 119 the manufacturing time, and in the skills and level of specialization required of the workers. In addition, in assembling
120
the Flo-S-2 floor system we have to consider the environmental conditions (i.e. temperature and humidity) that can 121 affect the mechanical properties of the epoxy-based resin and the related curing time. The use of self-tapping screws is less sensitive to the environmental conditions. However, particular attention must be paid in driving the screws, Table 1 Table 2 128 
Method of loading and specimen instrumentation
156
Tests were performed adopting a refined loading system as depicted in Fig. 4 . The set up was designed to impose a by using rollers that maintain the loading configuration at large deformations and by fastening thick steel plates covered
159
with polythene sheets to minimize any possible relative friction (Fig. 4 ). Specimens were loaded considering eight 160 distinct load imprints centred along the longitudinal axis of each steel beam. The area of loading was defined in order to 161 avoid any crushing of the timber caused by the compression stress perpendicular to the grain. Fig. 4 
172
attention was paid to the installation of the measuring instruments, placing them symmetrically on both main directions.
173
The specimens were monitored during the tests by recording the local strain, both in the steel and timber elements, and 
179
For testing methods 1 and 2, 35 devices were installed, whereas for testing method 3 there were 43 instruments in total
180
to also take into account the effect of the fixed beam ends in the final response of the specimens. The load, strains and 181 the displacements were recorded continuously during the test, with a frequency of 5 Hz. and Fig. 7b ) two cold-formed customized preformed profiles of structural steel S355 [30] . The beams have a 4mm section thickness while the height varies from 180 to 200mm for Flo-S-1 and Flo-S-2, respectively. The beams were
189
processed and reinforced at their edges by welding on transversal stiffeners and ribs (Fig. 7c ). For testing method 3, the 190 specimens were restrained using special supports rigidly anchored to the setup in order to eliminate rotation and/or 191 sliding at the ends of beams. The supports were made by welding several flanges and ribs to a short thick steel pipe
192
( Fig. 7d) . The arrangement of holes in the supports was designed to easily fix the specimens to the setup. 
197
The work relating to the assembly of the prototypes of floor components was fundamental to understanding any
198
possible difficulties in the manufacturing process recognizing the need to minimize the production time and costs.
199
As discussed in Section 2, the proposed Flo-S-1 innovative solution benefits from 'dry' technology. 
219
9, it can be seen that the load-deflection curves of the steel beams are superimposed, whereas the response of the CLT 220 panels is slightly variable. Assuming an elastic behavior of the elements, based on the Euler-Bernoulli beam theory
221
[31], we estimated the Young's modulus (E) of the steel beams and the maximum normal stresses. 223 Table 3 224
Comparison between the nominal and effective mechanical characteristics of the timber and steel elements
For the CLT panels, the recognized model developed at Graz University [32, 33] was used to estimate the equivalent elastic modulus E* and the normal stress * acting at each cross-layer of the panels. Table 3 gives an overview of the 228 main parameters measured by the tests, the mechanical characteristics estimated and those declared in the certificates of 229 products. In accordance with the European probabilistic model code [34] , assuming a normal distribution and lognormal 230 distribution for the elastic modulus, E, of steel and timber the calculated effective coefficient of variation (CV) is less 231 than 13% and 3%, respectively. In addition, the difference in normal stresses is always less than 20% in both cases and 232 tends to be negligible for the steel beams. Therefore, these preliminary tests confirmed that the elastic behavior of the 233 timber and steel elements is as expected. deflection curves and elastic bending stiffnesses is given in Fig. 12 and deflection, initial stiffness and the stiffness in the second branch of the load-deflection curves are illustrated in Table 5 .
250
Figs. 10 and 11, together with Table 4 257
Data measured by tests on 6 different specimens of composite steel-timber floor components. For all the specimens the tests were concluded without reaching their collapse or loss of strength (Fig. 13) . In fact, the setup did not allow deflections of more than 300 mm. Picture (c) of Fig. 13 shows an instance in which the secondary 
283
and in only one case was there a local fracture on an external timber board triggered by a knot.
284
As can be seen by comparing Figs. 10, 11 and 12, the response of the floor components in terms of resistance and 285 deformation is similar when the systems are simply supported at their ends. Furthermore, the bearing capacity and the 286 stiffness can be increased more than 39% and 26%, Flo-S-1 and Flo-S-2 respectively, when the steel beams of the floors 
292
Without loss of generality, to understand the behavior of the systems in more detail, first focus on the simply supported 293 components (testing method 1 and 2). As shown in Fig. 12b , the connections play an important role in transferring the 294 internal actions between the elements. Considering Flo-S-1 and Flo-S-2, about 46.5% and 71%, respectively, of the 295 bending stiffness is provided by composite action between the elements thus the type of connector used in the assembly 296 of the floor components is influential. A more detailed analysis regarding the elastic bending stiffness also highlights 297 that the contribution of the CLT panel is very low while that of the steel beams varies considerably since the cross-298 section and the height of the steel profiles were different. This is mainly due to the low elastic modulus of timber compared to that of steel and demonstrates that the developed systems help to overcome the limits of the timber 300 elements in terms of deformability under service loads.
301
The effects on the bending behavior of the cyclic loads under serviceability conditions were also evaluated with testing 
311
which will be discussed in Section 5.
312
On the basis of these findings, considering also the cost-to-performance requirement, the number of connectors, 
347
The model shown in 
354
Analyses at four reference points representative of the design (ULS, SLS), elastic (LS1) and plastic conditions (LS2)
355
confirmed that the FEM model should only be used to numerically evaluate the local behavior of the system for 356 preliminary studies. Fig. 17 depicts the comparison between the predicted and measured values expressed in terms of 357 normal stress, bending deformation and relative slip. The error in the prediction can rise by up to 58.85% if the local 358 stress distribution in the mid-span floor section is considered, particularly in the wood, which is also affected by its 359 intrinsic complex state of stress. Similarly, the slip that occurred, which affects the forces acting on the connectors, 360 tends to diverge from that numerically evaluated as the deflection increases. Thus, the findings suggest that this model 361 is more attractive for practical use, while a more refined fiber-based model is suggested when the study of the local 
366
The laboratory tests have revealed that the behavior of the composite floor components, as very slim systems, is mainly 367 guided by the deflection limitations and not the bearing capacity (F C ), which is several times higher than the ultimate 368 design loads (F d,ULS ). From Fig. 12 , it follows also that design loads calculated in accordance with the Italian Building
369
Code [39] are lower than the first yield loads. In other words, the measured load-deflection behaviors are markedly 
380
The general formulae to obtain the bending stiffness is shown below: Fig.18 . Basic behavior of a composite system with a semi-rigid connection and relative design scheme.
387
The first analysis focuses on the behavior of each floor solution at the serviceability limit states reveals that the bending 388 stiffness evaluated by Eq. (2) is compatible with that experimentally recorded or numerically predicted using the FEM 389 model. Table 6 summarizes the main parameters considered in the comparative analysis. In addition, the bending 
394
The (EI) ef were used to calculate the mid-span deflection of the floor components under serviceability loads, and then
395
the results compared to those experimentally and numerically obtained. The predicted deflection is demonstrated to be 396 comparable to the effective values, with a maximum error of about 20% in the most unfavorable case. 
relative design load of Eq. (6). Table 6 . As expected, the 413 maximum normal stress in the members tends to be overestimated compared to the effective normal stress or the stress 414 numerically measured. However, the analytical prediction is conservative and so suitable for design purposes.
415
It is evident that Möhler's model is in good agreement with the real observed behavior for both systems, especially in 416 serviceability conditions. It can be considered a reliable method to quickly evaluate the mid-span deflection and the 417 stress state in the members, even though the above-mentioned composite systems are assembled using nonhomogeneous 418 materials and without a constant spacing of the connectors, hence without satisfying all the underlying assumptions.
419
The maximum stress in the CLT panels diverges more than in the case of steel beams because the CLT is made up of a 
420
SLS
440
The behavior of the developed floor components has been investigated through experimental tests, studying both the 
446
A manual calculation procedure has been presented for design purposes. This analysis includes common rules provided 447 by the current standards for timber and steel structures.
448
The findings of this research allow the following general conclusions to be drawn:
assembly of the elements. These solutions are derived from a more general composite technology currently
452
protected by patent rights.
 From the point of view of construction, the solutions presented here have several advantages in the way they  Both of the tested systems showed an exceptional bearing capacity compared to the design loads, with a 457 considerable structural efficiency (close to 0.7 for Flo-S-2) and effective yield loads almost three times higher
458
(F y =381kN compared to q y =27.6 kN/m 2 ).
459
 The structural performance is very significant considering the amount of wood and steel used. Averaging Flo- 
476
In future research, the diaphragm behavior of floors made with these modular prefabricated elements will be 477
investigated. An experimental study of a full-scale prototype of floor system has been presented in [43] . 
